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FAST-EXTRACTION MODULATORS FOR LO: ALAMOS SCIENTIFIC LABORATORY
PROTGN STGRAGL RING

W, C, Nunnaily, D W. Huc!gings, and H. J. Sarjeant
LCIS Aldmos Scientific Laboratory

?. O. Box 1663
Los Alamos, NH E7545

Introduction

The Proton Storage Ring (PSR) nok being designed
at the Los Alamos scientific Laboratory (LASL) will ac-
cumulate 800 MeV of protons from the Los Alamos Meson
Physics Facility linear accelerator and delijer them in
intense bursts to neutron production targets ti[ the
Weapons Ne{ltron Research Facility, Two modes of opera-
tion are planned, In the short-bunch mode, the protons
are accum~latcd for llIJ :,s into SiX circulating bunch-
,?s, each of nanosecond ridth every 8,3 ms, anJ ar~ ek-
t,.artcd at a rate of 720 bunches/s. In the long-bunch
I~cdI:, J Si’lyle 270-ns bunch is accumulated in 750 :,5
every 67 ms, Each bunch is extracted within a few
!ricroscconds after accumu~~tion iS completed. ?hc cir-
cul~tior? period of protons fn the P\R is 360 ns.

DeQn an..+ Reliability Considerations-. — .—

;t hunch t.raj~ctory deflection of ti mrad is re-
q.,ired for, extraction f’:-um the PSR, Thi~ requlrrs a
~c:’lctic field path of 300 G-m (Gauss-me:er). Because
0( the re~u!,”ement for fdst risetime Ind good pIIlSP fi-
d(~+ty, the “magnet” is a parallel-pl.ltt? transmis;icm
:i,)i. 4 ~ lon~, schc-n~ticolly illustrated in Fig, 1,
:11, {or,:~ (ln J pwtoll mnving bctwnor. llIr plI!rI, lc,

r =~ (“ VF E = (1:1 ‘ ;0 WlII’I.C I c ~:c F r’.~”l i~
!.I}i. y.: : ,!,; vcloci:y Ok}JI-fibSe(i a: J fractio,) of th~ VP-

!>~it~ Cf light, an.] c!? “ [ for TEb! wave propaq,a-
:i,~n ‘in \,,l<.,lLlm, The defl~~ctio,l pUl\IJ is pI”op,Iq,ILI?,j in
~1>, ,!l,.~rllor ,)~pn,.it~, Lhat of ttw prolonz to g~l addi-
tiv!, ,~’f(,ft! of l.lnltric. anti ma!;n~!ic forr~?,

Ttlo !,,, ?itirc of the tran7nlf”iiot) linr~. aI.1* ririvPII
fil:lI pII151~,: of oppIo.llI! pnll:ity, r12;1411iflq in a vir-
lIIfl 7,.,):,111 nt th~, mi. tplll 0, T’10 Impo(latlcc Lron by t h?
;Jil’.f, ~rnpr,ltlr i,, ~~ for rdch plate rul~tlcc to
,;l. <’,,11 (1, For n Iq cm apcrtuw (zcpar,l!~nll hctw{?en
,,:,-iplinf, I,lpmetltj), a veltag[! of - 5fl kV is r~quired,
iht p:~l’;~ parfimct?r? frl?. LIIF short- a~d lonq-huncl’-mod~
vo LIlstnrc, ,lri: 1 121PJI’ 1, Tahl,. 1,

A nwnbfir of (i,,.,i,~!l requircmrnts frll~nh frrm thn
,J;VII i:qlf inn of Ihc moll,il.i!nrt in o workinq ,lrr,.lf,r,lll~r
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Fig, 1, PSR Extraction modulator schcmatlc,
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facility, Be.duse of the limited downtime dcf.t?ptat?le
to the user and the Iimitc,l operating hurigeL:,, all nf’
LIIP modulator comP~n~nt~ rnu$t ha~e a Icng lifc!i,nfi.
Higil re!idhilit,y is essential since the crInsrquiIvr: of
Improper deflc[.tion is beam splllsgc, whicil mlLes the
;, r,,? radioacli~.~, Thus lhu fa~~~r,? l“dt~ in tl~~: lrJn~-

huncl, morir siwul,i not exceed 10 ,

P~~lso-Generator Systems----- __.—_.

The dcir!opment of tho short-hunch mode, fas!-
CktJ”iI(-tlLllM(h~ulatOrp~OtOtypCiS dt)LdilC]in thi$ rc-
pet.t , Similar systems will be used for the lonj.k,~~n,:l)
mndf?, fast-extraction modulator, The sllort-b:l~lch-qc,~,,
mod(~!ator Present, tho I.]rqest te~hno logical chill lmn:),,:
tlw ionq-h,lnch mOduld~,Or ~roblems ,]rc <imit,lr 1111 I;*,..,,
dmnfin:l ;nq,

A symnctrical generator zystem is desired to rr-
duce the deflection voltage levels ri?quirtid with I .
spect to ground, In addition, it is desirable to U<(I
sonw typ~ of voltage multiplicatim sj..tem to rc~luco
the required switch opetating voltage and thus incrcdse
reliability. Several pulse-forming network (PFN) typl!

pulse-generator systems were evalujteri becduse of the
sciuarr pulstI shape desired, The requirement for n,tni-
Irum prepulse favurs d switched prN Lhdt prevent$ chlsrg-
ing transients In the load as shuwn in rig, ?a, How-
evw, the sw~tch of Fig. 2a must operdtu at .WICP th~
d~$irprl output. voltary?, and some form nf voltage lnvcr-
sion (transformer) or double, opposit~iy Chdl’gud, 5ys-
tem must b@ used LO obt?in th~~ rcqulrc~i pus1l-pull uut-
put. The tsdsic Blumleln systcm of Fig, ?i) can bu usI!d
10 ruduce thr switth oper,l[iliq voltagr to thfil of ttw
desired Output-pultr voltdgc, bJt the llnr charUin!l
current must flnw tllrou@l thr ln~d, cduslng is propulsvl
A dual, 0pP05ilPlY rhdrgrd, llluml@in-lin? schcmu l.an iIII
ctinftgured to provide push. pull outputs as $)IOWII in
Fly. 7c, but aqfi’n the switch must operate al twicI! thv
slnglt? output vultdge dnrl must be clc l$olat~cl wfth re-

Spt?ct to ground for th~ Chdrglng potentials.
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through the loads, If the circuit is charged at two
points frcm the s~me source, the prepulse’i can be re-
duced to ‘1% of the output voltage.

The pulse-generator system of Fig. 3 was fabri-
cated using 45 ns (15 ft), 23-C coaxial cable (17/14)
lines and 50-rI output cables. Sixty Ferrocube Type
C38, 2-in. o,d. ferrite toroids per line provfde suffi-
cient inductive Isol;’ion for the short-bunch mode when
the cable is threaded through them, as shown in Fig. 4.
The assembly is switched with an EG&G HY-3024 gradient-
grid thyratron for increased voltage hold-off reliabil-
ity. The tube is mounted, as shown in Fig. 5, in a
low-inductan~e shroud on an EG&G TM-42HV isolation sys-
tem, The switch tube rises to one-half the, output
voltage during the pulse. Initially, the tube was
triggered with a 2.5-kV positive pulse (unloaded) from
an SCR-switched PFN added to the negative bias at grid
G2 and a positive bias on Gl, as shown in Fig. 6a, The
resulting pulse shape, shown in Fig, 6b, indicates an
unacceptably long turn-on ti~e fCII’ the tub~, Stvelal
other trigger configurations were investigait!d and are
r,ho~’n with their resultant output pulses in Figs. 7 and
9, Thr jitter for the trigger arrangements of Figs. 6-
S was excessive, ranging from ?10 to ’200 ns, A trig-
ger booster consisting of an 0,5-’”, 1-;:sPFN switched
by Jn EG&G HY-6 thyrat.ronin the cathode follower cir-
cuit of Fig, 9a was inserted between the original trig-
ger unit and th~ HY-3074, Three overlays of the re-
sulting ou “ It pulse shape are shown in Fig, 9tI, indi-
ca:inrj low LOt31 system jilter (l-2 ns) and very good
clrc~lit-limiterlpdlsc shape, The voltaqr on the tri -

7gm” booster wat reduced from 4 kV to 1 kV wfth litt e
deterioration in pLIlscrise- and fall time ! . i~% in-
crense), The delay tifIIi? from l)IIIJSLer anodr VOltd!lP

f.l!l to HY-30CLI anod~ fall is dhout 4$ ns,
bo~r)t!?r

TIlr tr igqcr

P,il$c length wa:, red!lc~rl from 1 :$ trI ?<0 n:,
tiitlln.11 any nl~~crvahlu chtngi: in dcls.,’, jitter, or out-
p!lt pul\P .,llap~?, Notr th~t the afler-pulft! ringo!l! Is
qrc,lter Lhhn thal de~l red, but can b~ redl~cru.1 by match-
Inq fh, puls P gencr JLrJr to thd load III(Irl: c105P1,v.

7 II(H ch~t-glnq systpm Is required 10 rhar!jr the
~!i-li:l~linrs (’ 5 nF) tr 50 kV, The dccirc for hlqh
r,,li, ll)illty is m.anlfcsl In the CI1OICC nf J charqiilfj
‘.~’lt~m that I15es a comblnallon of ro;onant and tl’ant-
: (,rwr p,i !f,I? chflrglng. TIN= charging circu{t is shown

blmEamd

Fig. 5. Thyratron shroud and deck.

in Fig, 10. Ideally, a 10:1 voltage step-up ~rans-
formel’ would be used to chfir,c the Blumli.?in line~ to
50 kV from an intermediate capacitor resonantly charrw~l
to ~ ~v, However, the stray capacitances are J ~i~Il-

blt’ fraction of t?e FIB line, Thus the lnte:-rlicn!i]t~,

enrrqy $toragc capacitor mutt be resonantly ch,l”yd to
6,2 kV !n order to charge th~ ~lB line to 5C ~V, Thr
intermediate energy storage capacltnr is reso!i.~r!tiy

charged in ?50 1;s, Then t% transformer s,yrtrm rh,l’”~r”
t.hc IilJmlein lines tu 50 kV in ‘~ is. TIIJ ;na!r, I’lJI~-

lein-l ino switch is triggrrctl tiithln ICO ~ ?Ftcr
Cllat-qingso tll~tthe high-voltage system is I?no”’::‘~’l!
for cnly J short time, reducing prcfi!”~ probJ!i!il/,
The transformer backswing also a!.~ist; in turn i!]q (,f~
tt;,, charg~ thyr~tron (in~tially an CGLG HY-?nJT’ so
th,ll both switchts aro not ulospd r.imultar,pnusly t!) I.II-

dur,’ fsult problem’ , The charm thyralron it I ;’-I:

Un’! , hut It Is opl~rfltod at nnly b.i’ \V to r,~durI pl’fI-
f 1,.,,. and inc-cdsc rcl Itihil !!y, The volLagc (m t),,: ill-

Lorm,,tllllfl energy storJgr caplrltor il rcg.ll*~eL! fli:h
.1 rcJc, [lve dr”Q” clrcuil 1 alril ill U-,l PJtri: i)] i!,:,

10, Thr volt,lgp on ~tl~ iflterm~~~li~it~ f.~parltnr Is ,“IIo:!-

torcd tlur[nq thr chdrgir,.1 cyclr ~ld Lho fir’’{]” I:*.’ 1; 1.
clcsed when t!’te vo!taqe reacllcs tnc dczlrrtl VT! i]’,
Clo’lin~ ‘hc switch returns any residual cnrrqv z[or,~d
Ir, LtIII (j,~rgln!~ Chuhp ~0 ttlp low.imperlan(v pcwcr-r.ipp!y
filt[~rcapacitor an(l thu$ prev(~ntfths?Intfi!mf)dl’l:t,otl-
prqy ?loraq~ ra,,altor from rhiirqinq fljrtll~~r, 1111.

charqr thyrat~”onand IIIIVI,IIKIdlwles rro;I{vvthr l,lrG-
>!,IJv~f,JqPand ~mr.~urrcnl?, itl(! m)tch-tll!~l ,111,! ili -

~,j(; r(!rllll’rcmrnL5 w! llst~~l 1~ TJ1~lr Il. :)1! (’l!!l!” q!.
th.vr,!tlon will prcbahly have t,o b!, ,1 l.-i~, rwi !,I!w
(17.I h rm:,) tn provi,tr rt,lial,l~, 1,,1,,1-lif,* op,,,,:,,,r I’
th~ 4.1 A rnw, rurrllnl rvql~irr~l, 1, ~nmplp~l, [.,~,,,,;~l~!,,,.
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Fig. 7. Inverted trigger circuit and pulse output,
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TABLE II

SHORT-BUNCH MODE
EXTRACTION ~DULATOR SWITCH AND DIODE

Parameters

Operating voltage

Peak current

Repetition rate

Pulse width

Average current

RMS current

Llf?tl,ne

Charging
Switch

6.2 kV

1.3 kA

720 Hz

3.5 11s

2.0 A

43 A

>,104 H

output
Switch

50 kV

4.3 kA

720 Hz
50 Is

1.5 A

18 A

>104 H

PARAMETERS

Charging
Diode

50 kV

120 A

720 Hz

250 ,1s

2.0 A

6.0 IJ

>1OJ l+

model of the charqe system was used to check the thvr?-
tron performance-and- the charqinq etficienr~ nf’ lhr
transformer circuit, The system charging, cx(luding
the power supp!y, is about 80% efficient for thi:. par-
ticular circuit; most of the energy is lost to the
transformer stray capacitance, which is close to 10% of
the Blumlein-line capacitance, ThP remainri~ris lot!
in the charge thyratron, the ~iode snubber, L.hmd!(~du
forward resistance, and ths? transformer magncti?illq
reactance,

The charging diodes for the fast (4 i~~) L)-ans-
former charge syslem present several Unusual rrqi~irr-
ment5. FirsL, the rms and average currcnl$ ar~ I,lrqt,
as listed in Table 11, SLCOnd, th~ ch,lrqing di,tlr’,
must turn or in less than one-tenth of ttw! cllr,.t,nt
pu]$c to prevent Iargc anode disslpcrtlon, ~nd mu’,f rlI-
cover in less tharl one-tenth of tho current pt~lst, tim~,
‘o prevent ehcrgy from r~lturnlny to ltw trJIIT,f~W,I

primary energy store. sWlirdl mOnufJctllrcvs’ (’i~.{!o’.
were tested for I-V turn-on charar.tpriftlcs, and .lI.;’I
Iifc lest~(l singly at tlI12 currrnt IPvoIJ ~nrl rcpt,lifit,fl
r~tcs present in the actudl circuit, T)}(, volt ,111,, ,1111

cu,r~nt wavcfnrm~ for sevrral dlod(,< from diff,,rnt.

manuf,l[:turl~rs qrl~ showu ‘In ~ iq, 1],

l~stm toll:lldwatlons,----- ..........----
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TOP: VOLIAGE 60V/DIV

BOTTOM: CURRENT 60A/DIV

1 @Dlv

TOP: VCLTAGE 60 VIDIV

BOTTOM: CURRENT 60A/DIV

1 @Dlv

TOP: VOLTAGE 20VIOIV

BOTTOM: CURRENT 60AIDIV

1 @DIV

Flq, 11, Diode voltaqe and current waveforms.

r.m,l)$,cr control, Ttw’tim~-delay units will uc ln:~r-
facl~’to lhc modulaL@r systcm by LASL fiber optic t J-
gpr links,

Life test of the prototype system af,d compnncnlr,
Jt thr cic-,l:-ed opcra:ing condit~on~ will providr rcl la-
billty dat,l for Lhc finnl modu]alnr sy!,trm<,i

Fig. 12, Picture of shor~-bunch-mode modulator
protot~pe.

Conclusions

The development of a short-bunch mode fast-extrac-
tion mod~lator for the LASL proto,l storage ring has
made necesswy the design and development of a resonant
transformer charging circuit and the design of a new
FIB Ilnr circuit to provide bipolar pulse output:, with
low prepulse, postpulse, and an optimum high-voltaqr
Switch environments, The systems are now being -ieve~-
op~d to operate reliably at the high-avera e powers rc-
quirwi. 7The short-bunch mode fa.st-extract on mod,ll]tor
prototype is pr:sently Operatinq, The initial con-

struction Of the long-hunch mode fast-extraction modu-
lator prototype i~ under way, with results expcc!~d
within the yc,lr,
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